This study investigates the longitudinal variation of lateral entrapment of suspended sediment, as is observed in some tidal estuaries. In particular, field data from the Yangtze Estuary are analysed, which reveal that in one cross-section, two maxima of suspended sediment concentration (SSC) occur close to the south and north sides, while in a cross-section 2 km downestuary, only one SSC maximum on the south side is present. This pattern is found during both spring tide and neap tide, which are characterised by different intensities of turbulence. To understand longitudinal variation in lateral trapping of sediment, results of a new three-dimensional exploratory model are analysed. The hydrodynamic part contains residual flow due to fresh water input, density gradients and Coriolis force and due to channel curvature-induced leakage. Moreover, the model includes a spatially varying eddy viscosity that accounts for variation of intensity of turbulence over the spring-neap cycle. By imposing morphodynamic equilibrium, the two-dimensional distribution of sediment in the domain is obtained analytically by a novel procedure. Results reveal that the occurrence of the SSC maxima near the south side of both crosssections is due to sediment entrapment by lateral density gradients, while the second SSC maximum near the north side of the first cross-section is by sediment transport due to curvature-induced leakage. Coriolis deflection of longitudinal flow also contributes the trapping of sediment near the north side. This mechanism is important in the upper estuary, where the flow due to lateral density gradients is weak.
Introduction
In many estuaries, one or more locations are present where the tidally mean suspended sediment concentration (SSC) attains a maximum. Understanding the mechanisms resulting in these so-called estuarine turbidity maxima (ETMs) is important, as mouth bar is frequently formed in ETMs and hampers marine traffic it has a significant impact on the ecological functioning of estuaries (Cloern et al. 2013 ), e.g. it causes deficits in oxygen (Talke et al. 2009a; Zhu et al. 2011) . The latter is due to the fact that SSC contains organic material that consumes oxygen. Moreover, high sediment concentrations strongly limit the light that is needed for phytoplankton to grow (May et al. 2003; Jiang et al. 2015) .
The locations of turbidity maxima depend on estuarine settings and forcing conditions. Many studies have focused on the mechanisms underlying the distribution of turbidity related to either longitudinal or lateral sediment transport. An important process that results in longitudinal sediment trapping is the joint action of seaward transport caused by river flow and the landward transport by the density-driven flow (Postma 1967; Festa and Hansen 1978; Schubel and Carter 1984; Geyer 1993; Talke et al. 2009b) . In that case, the maximum SSC occurs at the landward limit of the salt intrusion. Furthermore, the suppression of turbulence by stratification of the water column significantly enhances trapping of sediment at the landward end of the salinity intrusion (Geyer 1993) . Jay and Musiak (1994) and Sanford et al. (2001) demonstrated that net sediment transport due to ebb-flood asymmetry in intensity of turbulence during a tidal cycle significantly affects the location of the turbidity maximum. A similar conclusion was made by Chernetsky et al. (2010) with respect to net sediment transport that results from the interaction between the M 2 tide and external M 4 tide. Recent studies (Donker and de Swart 2013; Winterwerp et al. 2013 ) stressed the role of flocculation and hindered settling in sediment trapping.
Other studies focused on lateral trapping of suspended sediment at a fixed cross-section (Huijts et al. 2006; Kim and Voulgaris 2008; Chen and Sanford 2009; Yang et al. 2014) . Interestingly, little attention has been devoted to quantifying and understanding how the joint presence of longitudinal and lateral processes in an estuary results in a three-dimensional structure of the turbidity field.
Field data reveal that lateral distribution of suspended sediment concentration shows longitudinal differences. In the Hudson River Estuary, Geyer et al. (2001) observed that, in a cross-section in the upper reach, turbidity maxima occurred on both left and right sides, whereas in a crosssection near the mouth, only one turbidity maximum was only found on the left side (when looking into the estuary). Recent data collected in the North Passage of the Yangtze Estuary, China, also show different turbidity maxima at two separate cross-sections. Moreover, the magnitudes of observed SSC during spring and neap tides are markedly different, whereas the lateral distribution is similar (data are presented in Section 2). These observations motivate the overall objective of the present study, i.e. to identify possible mechanisms that cause the lateral trapping of suspended sediment at different longitudinal locations and at different stages of the spring-neap cycle.
To gain thorough understanding of sediment entrapment mechanisms in tidal estuaries, both numerical and analytical models are important tools. The former allow for detailed simulation of flow and SSC distribution under controlled conditions (Burchard et al. 2004; Song and Wang 2013; van Maren et al. 2016 ) while the latter have been frequently used to obtain fundamental knowledge of physical processes (Huijts et al. 2006; Talke et al. 2009b; Schuttelaars et al. 2013; Yang et al. 2014) . The aim of this work is to gain fundamental understanding about longitudinal variations in lateral sediment trapping in an estuary, rather than to reproduce all details of sediment transport in a specific estuary. Huijts et al. (2006) showed that at a fixed longitudinal location, the locations of sediment accumulation in a cross-section depend on the relative importance of lateral flow components induced by Coriolis deflection of longitudinal flow and by lateral density gradients. Inspired by their work, the first hypothesis of the present study is that the intensities of lateral flow components vary in the longitudinal direction, thereby resulting in different trapping locations of SSC. The second hypothesis is that the relative importance of each lateral flow component to the trapping of sediment is not sensitive to the varying intensity of turbulence from spring tide to neap tide.
To test these two hypotheses, a new three-dimensional exploratory model is employed. It extends the model of Huijts et al. (2006) in that conditions in the longitudinal direction are not uniform. The present model also extends an earlier model of Festa and Hansen (1978) in the sense that it includes both longitudinal and lateral dynamics. Besides, more sophisticated formulations for turbulent eddy viscosity and eddy diffusivity are used that depend on the degree of stratification and which allow for studying conditions during both spring and neap tides.
The details of the new field data (of the Yangtze Estuary), model and methods are presented in Section 2. In Section 3, the model results are presented and used to verify the two hypotheses. This is followed by a discussion in Section 4, and by the conclusions in Section 5.
Material and methods

Data
Two cross-sections in the North Passage of the Yangtze Estuary were sampled during spring and neap tides in February, 2013 (Fig. 1) by the Estuarine and Coastal Science Research Center, Shanghai (ECSRC). The first cross-section is labelled A and, it is 38 km downstream from the reference point (see Fig. 1b ). The second cross-section (labelled B) is 2 km downstream from A. Velocities, water depth, salinity and SSC data were collected synchronously by instruments on board of two vessels that continuously moved back and forth at two cross-estuary transects during two full tidal cycles (25 h). The south and north sides of the two sampled transects are located on the regulation lines (see Fig. 1 ), which connect the most offshore ends of the groins that are present on either side of the channel banks, i.e. the training walls. Vessels completed 3-km transects in 30-45 min. Velocities and depths were measured with 600-kHz broadband acoustic Doppler current profilers. Optical backscatter sensors were used to measure SSC from water surface to the bottom at seven fixed locations that were evenly distributed over the two transects. The data were processed by ECSRC and were interpolated at hourly intervals and at six σ -levels, following the method of Shi (2004) , i.e. at relative depths of 0 (surface), −0.2, −0.4, −0.6, −0.8, and −1 (actually 0.5 m above the bottom). The data were subsequently decomposed into tidally averaged components and components related to tides with specific frequencies (M 2 , M 4 , O 1 , K 1 , ...) by applying harmonic Fig. 1 a Map of the study area in the central and lower part of the Yangtze Estuary. b Zoom-out map of the study area including the location of the cross-sections at which measurements are available. The two cross-sections are located 38 and 40 km downstream from the reference point (yellow triangle). The regulation lines, which connect the offshore ends of the groins along the banks, are denoted by red solid lines. c A typical cross-estuary depth profile (cross-section A) analysis. The freshwater discharge of the Yangtze River during the observation period (from neap to spring tides) was 16,000-17,000 m 3 s −1 , of which roughly 20-25% entered the North Passage. During neap tide, the measured tidal range was about 2.1 m and maximum instant tidal current speed was 1.7 m s −1 , while during spring tide, they were 3.5 m and 3.0 m s −1 , respectively.
Time-averaged SSC collected at the two cross-sections A and B is shown in Fig. 2 (orientations are into the estuary). Note here that the vertical distance z † = σ h(y) is the time-mean vertical position of a certain σ −surface, with h(y) representing the undisturbed depth. During spring tide, SSC at cross-section A attains maxima near both the south and north sides (Fig. 2a) . At cross-section B (Fig. 2b) however, a turbidity maximum is found only near the south side. During neap tide (Fig. 2c, d ), values of SSC in both two cross-sections are an order of magnitude lower than those during spring tide. Nevertheless, the basic lateral sediment distribution pattern remains unchanged, i.e. turbidity maxima occur on both the south and north sides at cross-section A and only one maximum is found (on the south shoal) at cross-section B.
As the stability of the water column and residual currents affect the distribution of SSC, data for salinity and residual currents are presented. Tidally averaged salinity at the two cross-sections exhibits variation in the vertical direction, with values in the deep channel ranging from 9 psu (Fig. 3a , b) and 4 psu (Fig. 3c, d ) near the water surface, to 20 psu (Fig. 3a, b ) and 22 psu (Fig. 3c, d ) near the bottom during spring tide and neap tide, respectively. The water column is moderately stratified during spring tide, with bottom-tosurface salinity difference ( s) of 6.3 and 6.6 psu at A and B, respectively (Fig. 3a, b) . During spring tide, saltier water occurs near the north side and fresher water near the south Fig. 1 ; z † is distance to the mean water surface. Orientation of all plots is into the estuary Fig. 3 Distribution of residual salinity (in psu) at cross-section A during spring tide (a), cross-section B during spring tide (b), cross-section A during neap tide (c) and cross-section B during neap tide (d); z † is distance to the mean water surface. Orientation of all the plots is into the estuary side. During neap tide, the observed s are 14.5 psu at A and 16.5 psu at B (Fig. 3c, d) .
The bulk Richardson number (Dyer 1997 )
yields a quantitative measure of the ratio of stratification and destratification mechanisms at the two cross-sections. Here, g = 9.8 m s −2 is gravitational acceleration, ρ r = 1000 kg m −3 is a constant reference density and ρ m = β s is the laterally averaged residual density difference between bottom and surface. It is assumed that water density only depends on salinity and β = 0.78 kg m
is the salinity contraction coefficient. Furthermore, H is the laterally averaged water depth and U m is the laterally averaged tidal current amplitude. Harmonic analysis shows that the M 2 tide is the dominant constituent, with U m = 1.6 m s −1 during spring tide and U m = 0.8 m s −1 during neap tide. Substitution of the measured values into Eq. 1 yields for both cross-sections that Ri 0.3 during spring tide and Ri 2.0 during neap tide. These numbers indicate that the water column is weakly stratified during spring tide and strongly stratified during neap tide.
The spatial patterns of the measured longitudinal residual flow in the two cross-sections are presented in Fig. 4 . During spring tide, outflow occurs in most of the two cross-sections, with a maximum of 0.8 m s −1 near the surface (Fig. 4a,  b) . In contrast, a clear two-layer flow structure is observed during neap tide, with an outflow of 0.4 m s −1 near the surface and inward flow of 0.2 m s −1 near the bottom of the channel (Fig. 4c, d ). Figure 5 shows the lateral residual flow observed in the two cross-sections. During spring tide, a clockwise transverse residual circulation is observed. Moreover, the maximum northward flow is observed at the surface near the north side, with values of 0.2 m s −1 (Fig. 5a ) in crosssection A and 0.1 m s −1 in cross-section B (Fig. 5b) , respectively. Integrating lateral residual flow over the depth at the end of transects yields a net water transport through the north side. This phenomenon is referred to as water leakage. During neap tide, a more complicated residual circulation pattern is observed. In both cross-sections, a clockwise structure is found over the north shoal. However, in cross-section A, an anti-clockwise circulation is observed over the south shoal (Fig. 5c) . In cross-section B, a three-layer structure is observed close to the south side, with southward flow near both the water surface and the bottom and northward flow in the middle water layer. The magnitude of the transverse residual flow has a similar value, of about 0.1 m s −1 during both spring and neap tides, and it occurs at the surface near the north side (Fig. 5d) . 
Model
The observations presented in Section 2.1 reveal differences in structure of lateral residual flow and of residual SSC in the two cross-sections during both spring and neap tides. These data add to both observational and model studies that focus on longitudinal distribution of SSC in the Yangtze Estuary (Wu et al. 2012; Jiang et al. 2013; Song and Wang 2013; Wan and Zhao 2017) . Differences in each crosssection between spring and neap tides mainly concern the intensity of lateral flow. Thus, these data support the two hypotheses of the present study, which will be tested with an exploratory 3D model.
Model domain
The model domain represents an estuarine channel with two straight parts, connected by a curved segment (Fig. 6 ). This configuration mimics the gross characteristics of an estuary, like the one considered in Section 2.1. The channel has a constant width, an along-channel uniform bathymetry and open boundaries at both the landward and the seaward end. In the lateral direction, a smooth bottom profile is imposed. The length and half width of channel are denoted by L and B, respectively. A curvilinear x, y and σ −coordinate system is adopted (Fig. 6a) , with the origin at the free surface and middle of the landward side section (x = 0). Here, x follows (x, y, σ ) is used with the origin at the free surface and middle of the landward side, where freshwater input from the river is imposed. The landside entrance (0 km) is located at the reference point (see Fig. 1b ). The positive x-axis points seaward, the y-axis points from left to right when looking landward and σ denotes the relative depth from surface (σ = 0) to the bottom (σ = −1). The bottom profile z = −h(y) is uniform in the x direction and is arbitrary in the y direction. c Dependence of dimensionless function R −1 = R min /R on longitudinal coordinate x, where R is the radius of the curvature and R min is the minimum value of R the along-channel direction; y = −B, B are the locations of the northern regulation lines; and σ = (z − η s )/D, in which z is vertical distance to the undisturbed water surface and z = η s , is the level of the instantaneous free surface. The bottom is located at z = −h(y) (Fig. 6b) . The curvature varies as a function of x and is described by R = R minȒ (x), in which R min is the minimum radius of the curvature
is a dimensionless function. Here, the limits of the curved segment are denoted by x 1 and x 2 . At x cur = (x 1 + x 2 )/2, the radius of curvature reaches its minimum (Fig. 6c) . Note that D = h + η s is the total instantaneous depth, hence, z = z † + η s (σ + 1). In the present study, it is assumed that the typical amplitude [η s ] of the instantaneous sea surface elevation is small compared to the undisturbed depth h, i.e. ε ≡ [η s ]/h ∼ 0.1, which implies that z z † .
Hydrodynamics
Following earlier studies (e.g. Hansen and Rattray 1965 ), a linear model for steady currents is applied. The Coriolis term in the longitudinal direction is ignored because it is small compared to other terms. The equations for residual flow in 3D σ −coordinates (see Electronic Supplement S1-1 for their derivation) read
Here, Eq. 2a is the longitudinal tidally averaged momentum balance, which contains the barotropic pressure gradient force, the baroclinic pressure gradient force and the internal friction force. Equation 2b is the lateral momentum balance with on its right-hand side the Coriolis force, forces due to barotropic pressure gradient, baroclinic pressure gradient and friction. The superscript * denotes that the horizontal density gradients in both the longitudinal and lateral direction are taken at a fixed z † level. Equation 2c expresses tidally mean conservation of mass. A dimensionless parameter σ 0 z 0 /h is defined, in which z 0 denotes the local roughness length. In these equations, u, v are the tidal mean flow components in the longitudinal and lateral direction, respectively. It is assumed that u and v are zero inside the roughness element layer. The Coriolis parameter f ∼ 10 −4 s −1 and A v is a spatially varying eddy viscosity and expression will be given in Section 2.2.4. Note that channel curvature can induce lateral residual circulation (Kim and Voulgaris 2008) as well as transport through boundaries (as shown in Section 2.1). The curvature-induced circulation is ignored in the present work, as it is much smaller than that induced by the lateral density gradient (for details see Electronic Supplement S3).
In the model, density gradients are prescribed and values are motivated by field data. First, following Warner et al. (2005) , it is assumed that
Here, s * (∼ 35 psu) is the salinity at sea, < s > denotes the time-independent cross-sectional mean density, x = L − x c the position at which the salinity is half of its value at sea, and the salinity intrusion limit (where the salinity < s >= 0.12s The boundary conditions at the free surface and at the bottom are given by
At y = −B, it is assumed that there is no net water transport. At y = B, net water transport is allowed, in order to be able to mimic situations as were discussed in Section 2.1. This results in the following boundary conditions:
Here, q o is a constant water transport (imposed in the model) and f (x) is a dimensionless function that describes the distribution of net water transport in the longitudinal direction. The water leakage through the side, as expressed by the right-hand side of Eq. 5b, occurs when the water elevation is higher than the channel side during part of a tidal cycle. The amount of water leakage at the north side is assumed to be proportional toȒ −1 , i.e. the reciprocal of the dimensionless channel curvature. This is because, due to centrifugal forces, surface water layer flows from inner bend to outer bend and causes a set up of water at the outer bend. It is assumed that in the remaining reaches the amount of water lost at the curved segment returns through the north side of the channel with a constant rate q o f c , where
At the landward entrance, a net transport of freshwater is imposed with a constant discharge Q r ,
Sediment dynamics
Mass conservation of sediment yields an equation for SSC (see Electronic Supplement S1-2), which to a first approximation reads
Here, c is the SSC and w s is the constant settling velocity and K v is the vertical eddy diffusion coefficient, which will be discussed in the next section. At the surface, there is no flux of sediment,
At the bottom, a vertical turbulent diffusive flux is imposed that describes the amount of sediment being eroded from the bed:
Here,ĉ is a reference concentration, which depends on bottom stress (in principle known) and an as yet unknown sediment availability. Moreover, z a = hσ a is the reference height. For simplicity, σ a = σ 0 is chosen. The solution of the SSC equation (Eq. 8) reads
with φ(σ, h(y)) describing the vertical distribution of SSC, which can be determined for a given φ(σ, h(y) ) is an exponential function). Note thatĉ is the approximation of the tidally mean bottom SSC. In order to determineĉ, the condition of morphodynamic equilibrium (i.e. averaged over the tidal period, erosion balances deposition of sediment) is applied to the full SSC equation. This implies that the divergence of the sediment transport must vanish, hence
in which T x and T y are the residual sediment transport in the x and y directions, given by
Furthermore, K hx and K hy are constant horizontal eddy diffusion coefficients in the longitudinal and lateral direction and will be further discussed in the next section. In this model, u and v in Eqs. 13a and 13b are residual currents; thus, sediment transport due to tidal pumping is not considered. Substitution of Eq. 11 into Eqs. 12 , 13a and 13b yields an equation forĉ, i.e.
with
Here, I 1 and I 3 are transports of sediment in the longitudinal and lateral direction in the case of unlimited sediment supply and I 2 ∂ĉ/∂x and I 4 ∂ĉ/∂y are transports induced by gradients in the reference concentration. The conditions for sediment at the two lateral boundaries are
Here, q sed is a given constant sediment transport and function f (x) is described in Eq. 6. Physically, the righthand side of Eq. 16b represents the amount of sediment leakage at the north side of the channel, which is related to water leakage. Furthermore, sediment transport at the landward entrance is given by
where Q sed is a constant sediment discharge. Finally, it is imposed that
where c b is a given domain averaged near-bed sediment concentration.
Turbulence closure
Previous studies, such as Geyer et al. (2000) , have shown that in an unstratified water column the maximum eddy viscosity is usually observed in the middle of the water column, but with increasing stratification, it becomes smaller and its location shifts to the bottom (Geyer et al. 2000) . Hence, to capture the basic characteristics of turbulent exchange processes in both weakly stratified (spring tide) and highly stratified (neap tide) situation, a formulation of vertical eddy viscosity is used that depends on σ . The vertical eddy viscosity coefficient follows that of Chen and de Swart (2016) ,
In this expression, κ = 0.41 is the von Karman's constant, u * is a constant friction velocity, h is depth and A σ describes the dependence of eddy viscosity on coordinate σ . Parameterǔ * is calculated from the expression (for derivation see Electronic Supplement S1-3):
Here, C d ∼ 1×10 −3 is a drag coefficient, U res , U t and U T = U res + U t are characteristic scales of the overall residual flow, tidal flow and total flow. In this study, observations in cross-section A are used to estimate the values for U res , U t and U T during spring tide and neap tide, respectively (see Section 2.1).
The function A σ in Eq. 19 reads
with A I = (σ h + 1)(σ p − σ h ) the value of A σ at σ = σ h and A s is the value of A σ at the free surface. A sketch of A σ as a function of σ is presented in Fig. 7 Fig. 7 ). As discussed by e.g. Ralston et al. (2008) , h b decreases when the water column becomes more stratified. By fitting Eq. 21 to observed vertical eddy viscosities, it was found by Chen and de Swart (2016) that 
This choice is based on the results of Munk and Anderson (1948) , who presented Eq. 23 in terms of the gradient Ri.
Here, the bulk Richardson number is used as an estimation of the gradient Richardson number. The horizontal turbulent eddy diffusion coefficients in the longitudinal (K hx ) and lateral direction (K hy ) are assumed to have different values. The longitudinal coefficient is due to both vertical and horizontal shear dispersion and the lateral diffusion coefficient is mainly the result of vertical shear dispersion. In tidal estuarine environments, K hx is typically 100 ∼ 200 m 2 s −1 and values of K hy are an order of magnitude smaller (Zimmerman 1986 ).
Solutions
As is detailed in Sections S2-1 and S2-2 of the Electronic Supplement, the residual flow reads
The longitudinal residual flow contains two contributions. The first (u d ) is driven by the longitudinal density gradient (∂ρ/∂x). The second contribution (u Q ) is induced by the longitudinal net water discharge, which results from two sources: the leakage of water at the north side (Eq. 5b) and the fresh water input at the landward entrance (Eq. 7). In the lateral direction, the residual flow contains three contributions that are due to Coriolis deflection of longitudinal residual flow (f u), the lateral density gradient ∂ρ/∂y and leakage (R), respectively.
The equation and boundary conditions for φ = c/ĉ are obtained by substitution of Eq. 11 into Eqs. 8-10 and subsequently dividing all terms byĉ. After that, integration of the equation and application of the boundary conditions yield an explicit expression for φ, which is given in Electronic Supplement S2-3.
To find the solution for the reference sediment concentrationĉ, the morphodynamic equilibrium condition Eq. 14 must be solved. Note that in contrast to previous studies (e.g. Huijts et al. (2006) and Chernetsky et al. (2010) ), the equation is two-dimensional. Solutions are obtained by a novel iteration procedure, where in the initial step only the term involving the lateral sediment transport is considered. The error made in the initial step (by ignoring the longitudinal sediment transport) is then compensated at further iteration steps (n = 1, 2, ...). It means that Eq. 14 is solved, where in the first termĉ at iteration step (n − 1) and in the second termĉ at step n is used. The details of the iterative procedure and expressions forĉ are presented in the Appendix.
Set-up of experiments
First, two experiments were carried out to verify whether the model results is able to mimic the main characteristics of flow and SSC distribution that are also observed in the field. The first experiment is referred to as RS, which describes the reference state at spring tide, and the latter is referred to as RN, which represents the reference case at neap tide. The parameter values used as model input are given in Table 1 . These values are representative for the North Passage of the Yangtze Estuary in China, during spring and neap tides, As RS, but for Coriolis parameter f = 0 and q o = 0 RS-3
As RS, but for Coriolis parameter f = 0 and ∂ρ/∂y = 0 RS-4
As RS, but for q o = 0 2 RN-1 As RN, but for ∂ρ/∂y = 0 and q o = 0 RN-2 As RN, but for Coriolis parameter f = 0 and q o = 0 RN-3
As RN, but for Coriolis parameter f = 0 and ∂ρ/∂y = 0 RN-4
As RN, but for q o = 0 respectively. Parameters that adopted from this study and other references are cited in the footnote of this table.
Next, additional experiments were conducted to verify the first hypothesis, i.e. the longitudinal variation in intensities of the lateral flow components v f , v d and v R are responsible for the longitudinal variation of sediment entrapment in the lateral direction. Settings of the first experiments are the same as that in RS, except that lateral residual flow is only driven by Coriolis deflection of longitudinal residual flow. In the second experiment, the lateral flow is only induced by the density gradient. The third experiment is as RS, but in the lateral direction, only the effect of leakage is accounted for. The fourth experiment is as RS, but it excludes the leakage.
To test the second hypothesis, i.e. that differences in SSC between spring and neap tides mainly concern their intensities, four more experiments were carried out. These experiments were designed like those in the first series, except that parameter values mimic the conditions at neap tide (reference case RN) instead of at spring tide. The details of all experiments are summarised in Table 2 .
Results
In this section, output of the model in two cross-sections and in one horizontal surface is presented. The first two are sections T1 and T2, and they are located at similar positions as cross-sections A and B in the North Passage of the Yangtze Estuary (see Fig. 1 ), respectively. The horizontal surface is the σ = −0.95, located near the bed. The results of the cases RS and RN are shown in Section 3.1, followed by those of the sensitivity experiments in Section 3.2. In Section 3.3, the near-bed SSC distribution results of the experiments is presented. Figure 8 shows the modelled transverse distribution of longitudinal and lateral residual flow and of SSC in cross-sections T1 and T2 for case RS. The model results resemble main features of the observed situation at spring tide that were presented in Section 2.1. The longitudinal residual flow (Fig. 8a, b) is mostly seaward at both two Orientation of all plots is into the estuary cross-sections. Weak landward flow is only found near the bottom of the deep channel. In Fig. 8c, d , the modelled transverse residual flow in T1 and T2 is shown. The panels reveal three main aspects of the observed lateral flow (Fig. 5a, b) . First, the circulation is clockwise in both crosssections, but northward flow is more dominant in T1 than in T2. Second, the maximum residual flow is found both at the surface above the deep channel and near the north side of T1 and T2. Third, the circulation in T2 is weaker than that in T1. Furthermore, the lateral distribution of SSC shows two maxima in T1 and only one near the south shoal in T2 (Fig. 8e, f) , which is consistent with the observations (Fig. 2a, b) .
Cases RS and RN
The results of reference case RN are presented in Fig. 9 and show that the main characteristics of the residual flow and SSC in neap tide are captured by the model as well. Regarding the longitudinal flow, the observed two layer structure (Fig. 4c, d) is reproduced by the model (Fig. 9a,  b) . In the lateral direction, both the observations (Fig. 5c, d ) and model (Fig. 9c, d) show a clockwise circulation, and a maximum northward flow at the surface near the north side.
The basic pattern of the modelled SSC (Fig. 9e, f) is similar as that during spring tide (Fig. 8e, f) and consistent with the data (Fig. 2c, d ). Figure 10 displays the modelled transverse distribution of SSC of four different cases (for spring tide condition). In case RS-1, when the lateral flow is only driven by Coriolis deflection of longitudinal flow, SSC slightly increases from the south side to the north side in both T1 and T2 (Fig. 10a,  b) . On the contrary, if the residual flow is driven by density gradient (RS-2), SSC increases from the north side to the south side (Fig. 10c, d ). When the lateral process is due to leakage only (RS-3), the SSC in T1 has a minimum near the south side and it increases towards the north side. The SSC near the north side is much larger than that near the south (Fig. 10e) . In T2, the SSC also increases from the south to the north; however, the difference between the two sides is much smaller than that in T1 (Fig. 10f) . In RN-1 (a, b), RN-2 (c, d), RN-3 (e, f) and RN-4 (g, h) . The upper panel and lower panel show the results at in T1 and T2, respectively.
Sediment distribution due to individual mechanisms
Here, z † denotes distance to the mean water surface. Unit is kg m −3 . Orientation of all plots is into the estuary case that all flow components are included except the one due to leakage (RS-4), the SSC distributions in the two cross-sections are similar to that of case RS-2, i.e. only one maximum value is observed on the south side (Fig. 10g,  h ). Comparing the results of these cases with those shown for RS (Fig. 8e, f) reveals that the SSC maxima near the south sides of T1 and T2 are mainly due to the suspended sediment trapping by the lateral density gradient, while the second SSC maximum near the north side of T1 is caused by leakage. Figure 11 shows the modelled transverse distribution of SSC of four different cases for neap tide condition. Comparing the results with those shown in case RN (Fig. 9e, f) shows that all of the three mechanisms that are investigated in this model are important at T1, in which the Coriolis effect (RN-1) and the leakage (RN-3) cause sediment trapping near the north side while the density gradient (RN-2) pushes sediment to the south side. At T2, high SSC near the south side is mainly caused by the lateral density gradient (Fig. 11d) . Note that Coriolis effect causes an increase of SSC from the south side to the north side during neap tide (Fig. 11a, b) , which does not occur during spring tide (Fig. 10a, b) . When the lateral flow is only driven by the density gradient (Fig. 11c, d ) or leakage (Fig. 11e,  f) , the transverse distribution of SSC shows similar spatial patterns to those during spring tide (Fig. 10c-f ), but with smaller SSC values. Results of case RN-4 also show only one SSC maximum on the south side of the two crosssections, but with values that are much smaller than those of RS-4 (Fig. 10g, h) .
Since the lateral distribution of SSC is induced by residual flow, it is relevant to present the structure of each single flow component. As is shown in (Fig. 12a, b) , during spring tide the residual flow induced by Coriolis deflection of longitudinal flow in the two cross-sections shows an anti-clockwise structure, whereas its magnitude is rather small. On the other hand, the density driven flow shows a clockwise structure and is important in both T1 and T2 (Fig. 12c, d) . The residual flow due to leakage is northward in the entire cross-section; however, it is only important in T1 (Fig. 12e, f) . During neap tide, the residual flow components that are driven by these mechanisms show the same patterns as those during spring tide (not shown).
Near bed SSC distribution in the estuary
The magnitudes of Coriolis induced lateral flow and density driven lateral flow largely vary in the estuary, and thus, changes in the trapping characteristics of residual SSC on the scale of the entire estuary are to be expected. Hence, it is interesting to present an overall picture of SSC distribution in the estuary. Figure 13a displays the near bed (at level σ = −0.95) SSC distribution for the RS case (spring tide). In this case, the two modelled cross-sections T1 and T2 are -1 (a, b) , RS-2 (c, d) and RS-3 (e, f). The upper panel and lower panel show the results at in T1 and T2, respectively. Here, z † denotes distance to the mean water surface. Orientation of all plots is into the estuary Fig. 13 Near bed (level σ = −0.95) distribution of the SSC (in kg m −3 ) in the estuary during spring tide (left column) and during neap tide (right column). Subplots a to e are the results of experiments RS, RS-1 (only Coriolis deflection), RS-2 (only lateral density gradients), RS-3 (only leakage) and RS-4 (Coriolis deflection and lateral density are included, but no leakage). The subplots f to j represent the SSC computed from RN, RN-1, 2, 3 and 4, respectively. The landside entrance (0 km) is located at the reference point (see Fig. 1b) . The triangles denote the locations of two modelled cross-sections T1 and T2 located in the core of the turbidity maximum. The zones where SSC is large are found in the middle (30-40 km) and at the seaward boundary, respectively. This results from the joint action of down-estuary sediment transport by the river flow and up-estuary sediment transport by the longitudinal density-driven flow, which has its largest value around 50 km. Moreover, note that in the middle of the estuary, two high SSC values do not appear at the same longitudinal location. The one near the north side is at 35 km and the one on the south side is at 40 km. This difference is attributed to the sediment distribution due to individual lateral flow mechanisms. When the lateral flow is only driven by Coriolis deflection of longitudinal flow, the largest SSC is found at 35 km near the north side (Fig. 13b) , whereas if the residual flow is only driven by density gradient, higher SSC values are found on the south side of the estuary with the maximum located at 40 km (Fig. 13c) . The sediment trapping caused by leakage also occurs at 35 km at the north side (Fig. 13d) . The results of case RS-4 (Fig. 13e , Coriolis and density gradient are included, but no leakage) reveal that there is only one SSC maximum in all cross-sections. At the riverside, SSC has a higher value on the north side than on the south side. Towards the seaside, more sediment is trapped on the south side of the domain. In the lower reach, the value of SSC is larger near the south side than near the north side.
In the RN case (neap tide), Fig. 13 shows that the crosssections T1 and T2 are located downstream of the turbidity maximum. SSC values are high in the middle of the estuary, with local maxima near both lateral sides (Fig. 13(f) ). Moreover, Coriolis deflection induced lateral flow causes sediment trapping at 30 km ( Fig. 13(g) ), which is further upestuary when compared with that in spring tide (Fig. 13(b) ). When the lateral residual flow is driven by across-channel density gradients, the SSC maximum is located at the end of the estuary (Fig. 13(h) ). Figure 13i shows the distribution of SSC caused by the lateral flow due to leakage, which is the same as that during spring tide. Finally, Fig. 13j shows the modelled near bed surface SSC distribution for the case RN-4, which is similar to that during spring tide (RS-4).
Discussion
Model assumptions and their connection to field data
The present study focuses on gaining fundamental understanding about longitudinal variations in the lateral trapping of sediment. Therefore, a highly idealised model has been designed that includes a minimum number of processes in order to explain gross aspects of observed residual velocity and turbidity characteristics in the North Passage, a branch of the Yangtze Estuary. The key processes in this model are sediment transport by river flow, density driven flow, leakage and by lateral flow that results from Coriolis deflection of residual longitudinal flow.
By construction, the model yields a simplified view on what happens in real estuaries. In particular with regard to the Yangtze Estuary, analysis of both field data (Li and Zhang 1998; Jiang et al. 2013 ) and of numerical model output (Song and Wang 2013) indicates that longitudinal trapping of sediment is not only due to gravitational circulation, as is the case in the present model. Other important processes are tidal pumping (i.e. net transport due to the correlation between tidal currents and tidally varying SSC), sediment transport by Stokes return flow and transport by residual flow that results from tidal straining. Other studies also point at the importance of wind (North et al. 2004) , stirring of sediment by wind waves at the intertidal areas (Green 2011 ) and flocculation processes (Winterwerp et al. 2013) . Note that in the present model, flocculation is only considered in a simple way, by using different values of settling velocity during spring tide and neap tide.
The presence of Stokes return flow is evident from Fig. 4 , which shows the observed structure of longitudinal residual flow at the two transects. During spring tide the Stokes return flow is larger than during neap tide, because it scales quadratically with the tidal amplitude (Ianniello 1977) . This explains why the observed discharge through the crosssections was larger during spring than during neap tide, albeit the river discharge was almost the same at those times.
The reasons to ignore processes in the model other than those included are twofold. First, earlier subtidal models have proven to be remarkably successful in explaining observed amplitudes of the estuarine circulation (Scully et al. 2009 ) and of lateral and longitudinal distribution of SSC (Huijts et al. 2006; Talke et al. 2009b ). The present study further supports the success of subtidal models. Second, adding new processes has to be done with extreme care, as some of them lead to seaward sediment transport (such as Stokes return flow), whereas others result in landward sediment transport (e.g. residual flow due to tidal straining, see Burchard et al. 2013 ) and they partially cancel.
There are three other aspects that deserve discussion. First, the observed SSC maxima in the deep channel of the two transects (Fig. 2) , especially those during the neap tide, are not captured by the model. This is attributed to the fact that in reality, the channel in the North Passage of the Yangtze Estuary is deep and narrow (compared to the crosssectional mean depth and width, see Fig. 1 ). The vigorous tidal currents in the channel stir sediment from the bottom, but the steep slopes prevent the sediment to be laterally distributed. Mimicking that situation in the model is not possible, given the assumptions that nonlinear terms are small (in fact, they scale with the bottom slope), the lateral density gradient is uniform and that sediment transport does not contain a component that is directly forced by bottom slopes.
Second, the assumption that the bottom profile is uniform in the longitudinal direction limits a straightforward application of the present model to estuaries that have strong longitudinal variations in depth, e.g. the Hudson River Estuary (see Fig. 1 of Geyer et al. (2001) ). Depth variations in both lateral and longitudinal directions will result in much more complicated residual flow phenomena (Monismith et al. 2002; Valle-Levinson et al. 2003) . For future research, it would be interesting to investigate lateral trapping of sediment at different longitudinal locations in more tidal estuaries.
Third, the depth-integrated net water transport obtained from field data evidently shows a northward directed component at two sampled transects (see Electronic Supplement S4 for details). Note that lateral eddies created by groins that are orthogonal to the channel banks may also contribute to observed leakage. As shown by Ge et al. (2012) , these eddies mainly occur in the area between the training walls and the regulation lines. More data at different along-channel positions are needed to quantify the possible contribution of these eddies to leakage.
Moreover, Eq. 6 describes that the water and sediment leaking through the north side in the curved part of the channel is uniformly returned to the channel in the rest of the domain. Compensation for leakage may take place in a different way, and that might affect model results in the straight segment of the estuary. The sensitivity of model results to the way how leakage compensation at lateral boundaries was tested, for the settings of RS and RN, respectively. In these two experiments, water loss due to leakage was compensated by inflow through the south bank. Results (Electronic Supplement S5) show that SSC distributions are slightly changed when comparing with those in default cases ( Fig. 13(a, f) ). Furthermore, the impact of the formulation for leakage on model results was investigated. The relation between the longitudinal distribution of leakage and channel curvature was generalised as
in which parameter n > 0. When n = 1, Eq. 25 boils down to Eq. 6. The near bed sediment distribution was modelled by using the settings of RS, but for n = 0.5 and 2 in Eq. 25, respectively. Results of these new experiments reveal that the parameterisation of leakage has some local effect on the SSC distribution near the curved segment of the channel, but it does not affect the overall findings presented in the previous sections (Electronic Supplement S5).
Interpretation of model results
The model results confirm the hypothesis that the different trapping locations of SSC in the estuary result from the variable intensities of lateral flow components at different longitudinal locations. The occurrence of the SSC maxima near the south side of both T1 and T2 is due to the lateral density gradient, while the second SSC maximum near the north side of T1 is due to leakage. Coriolis deflection of longitudinal residual flow also causes trapping of sediment near the north side, but in T1 and T2, it is small compared to the former flow components, both during spring and neap tides. Thus, the difference in lateral pattern of sediment distribution between T1 and T2 is mainly due to the difference in leakage. From Fig. 13 , it appears that at other locations in the estuary, different processes are responsible for lateral trapping of sediment. This is because the magnitude of Coriolis induced lateral flow and density driven lateral flow vary on the scale of the entire estuary. As is shown in Fig. 13(a, f) , in the upper reach of the estuary, the lateral flow related to Coriolis effects (that causes sediment trapping at the north side, see Fig. 13 (b, g)) becomes more important than that driven by the density gradients (that causes sediment trapping on the south side, see Fig. 13 (c, h)). As a result, SSC tends to be distributed more uniformly in the lateral direction or becomes slightly larger near the north side. In the lower reach of the estuary, where the density gradients are strong, higher SSC values are obtained near the south side ( Fig. 13(e, j) ). The difference in longitudinal locations of SSC maxima at spring and neap tide induced by different flow components (see Fig. 13 ) is due to the fact that turbulence during spring is more intense than during neap. When the lateral flow is driven by only Coriolis deflection, sediment is trapped near the north side, where during spring tide the longitudinal residual flow is mostly seaward (Fig. 8a, b) . During neap tide, this lateral flow is intensified because it experiences less turbulent friction. Moreover, the lower intensity of turbulence causes the larger SSC to be closer to the bed; hence, more sediment is trapped near the north side. Meanwhile, at that time, longitudinal flow (Fig. 9a, b) is landward near the bottom, causing sediment to be moved up-estuary and thus, a landward shift of the SSC maximum occurs. When the lateral flow is driven by the lateral density gradient, intensified residual flow at neap tide (compared to spring tide) causes entrapment of sediment near the south side, which subsequently results in a seaward shift of the location of the SSC maximum.
Sensitivity of results to values of model parameters
To test the sensitivity of the SSC distribution to the choice of the scaled surface eddy viscosity A s (see Section 2.2.4), extra experiments were performed for the setting of RS and RN, respectively. A constant A s = 0.005 was imposed, which was obtained by taking cross-sectional mean of A s that was used in RS and RN. The transverse distribution of the longitudinal residual flow for a constant A s (Fig. 8) shows that the maximum seaward flow is found at the surface above the two shoals instead of at the surface above the deep channel. However, the overall distribution of SSC hardly changes with respect to that of RS and RN, respectively (see Electronic Supplement S5 for details).
The sensitivity of model results to the choice of q sed , Q sed and the formulation of leakage was also tested (figures are presented in Electronic Supplement S5). Two experiments were conducted with the setting of RS, except for q sed = 0.05 kg s −1 m −1 and q sed = 0.2 kg s −1 m −1 , respectively. It turns out that the SSC maxima near the north side increase with smaller q sed and decrease with larger q sed . These results suggest that the appearance of the maximum SSC values at this side is due to the competition between the accumulation of sediment by water leakage and the loss of sediment by its transport through the boundary.
The effect of varying Q sed on the distribution of SSC was investigated by running the model with the setting of RS, but for two more different values of Q sed , viz. 700 kg s −1 and 900 kg s −1 , respectively. It appears that the different choices of Q sed only quantitatively change the longitudinal distribution of sediment. As Q sed increases, the location of SSC maximum slightly moves up-estuary, whereas for a smaller Q sed , the location of SSC maximum moves down-estuary and more sediment piles up at the seaward boundary.
Conclusions
A new three-dimensional exploratory model has been derived and analysed with the objective to gain fundamental understanding of the physics of sediment transport and the presence of turbidity maxima in tidal estuaries. It has been demonstrated the model is able to capture the main features of the observed SSC distribution in two different cross-sections in the North Passage of the Yangtze Estuary during spring and neap tide. In one cross-section (T1), two high values of SSC occur near both south and north sides, while in the cross-section 2 km downstream (T2), only one near the south side was found. Analysis of model results has revealed that the occurrence of the SSC maxima near the south side of both T1 and T2 is due to sediment entrapment by lateral density gradients, while the second SSC maximum near the north side of T1 is due to sediment transport by leakage. Coriolis deflection of longitudinal flow also causes trapping of sediment near the north side, but with less intensity than that of the lateral density driven flow during both spring and neap tides. Further study of the SSC on the scale of the entire estuary has demonstrated the lateral trapping of sediment depending on intensities of lateral flow due to Coriolis, density gradients and curvature-induced leakage. In the upper reach, where Coriolis deflection of longitudinal flow is important with respect to the lateral density-driven flow, sediment is more uniformly distributed in the lateral direction or trapped near the north side. In the lower reach, lateral density-driven flow is the largest and more sediment is found near the south side. The location of SSC maxima due to the residual flow that induced by leakage remains at the same location, i.e. the position where the radius of the channel curvature attains the minimum, in both spring and neap tides. In the case without leakage, there is only one SSC maximum in the lateral direction at all longitudinal locations. It occurs on the north side in the upper reach. Further seaward, more sediment is found on the south side of the cross-section. 
The solution for α and the transport of sediment in the x and y directions are written as formal series in parameter (= 1), i.e. 
in which the superscript/subscript n = 0, 1, 2, ... denotes the iteration step. Substituting Eq. 28 into Eqs. 26 and 27, then collecting terms with equal order of n yields the equations at different iteration steps. At the initial step (n = 0), ∂ ∂y T y,0 = 0 with T y,0 = 0 at y = ±B for all x, 
with boundary conditions 
Integrating Eq. 32 over the lateral direction and using the boundary conditions at the lateral sides and then from the riverside boundary down-estuary yields Thus, α is subject to an unknown integration constant γ 0 , which is determined by using the constraint Eq. 30. The result is
If the iteration is truncated at the initial step, one error made at this stage is ∂T x,0 /∂x. The equations for n ≥ 2 read:
with boundary conditions By integrating Eq. 38 from y = −B to y and using the boundary condition that there is no sediment across the south side (y = −B), the solution reads 
In Eq. 40, the unknown functionα n (x) is found as follows: First, substituting Eq. 40 into Eq. 38 but for n + 1. Second, integrating the obtained equation from −B to B and then from x = 0 to x and using the corresponding constraints in Eq. 39. The solution readŝ
in which n = B −B I 1 F n + I 2 ∂F n ∂x dy. Finally, the unknown constant γ n is determined by using the last constraint of Eq. 39. The result is
The change between two iteration steps is defined as ξ = 
